Our previous study has demonstrated the effects of aqueous extract of lily bulb in alleviating menopause-related psychiatric symptoms in ovariectomized (OVX) mice. This study sought to further investigate the psychotropic effects of total polysaccharides of lily bulb (TPLB) against anxiety, depression, and cognitive deterioration and the underlying mechanisms in OVX mice using behavioral, neurochemical, molecular, and proteomic approaches in comparison with estrogen therapy. While TPLB and estradiol showed similar effects in reducing OVX-induced anxiety, depression, and cognitive impairment, the psychotropic effects of TPLB were more closely associated with the predominant activation of estrogen receptors (ERs) and regulation of brain regional neurotransmitters and neurotrophins with minor effects on the uterus. Estradiol had similar potencies in binding affinity at ERα and ERβ, which caused widespread genetic and epigenetic effects. In contrast, TPLB displayed a higher affinity at ERβ than ERα, triggering the specific Ras/Akt/ERK/CREB signaling pathway without affecting any epigenetic activity. TPLB additionally modulated multiple proteins associated with mitochondrial oxidative stress, but estradiol did not. These results indicate that TPLB has comparable efficacy in reducing menopause-associated neuropsychological symptoms with a better safety profile compared to estrogen therapy. We suggest that TPLB could serve as a novel agent for menopause syndrome.
Introduction
Menopause, a natural physiological process for women, refers to a series of dysfunctions in the autonomic nervous system due to hormone fluctuation induced by ovarian failure, accompanied with neuropsychological symptoms, such as anxiety, depression, and cognitive deterioration [1, 2] . These psychological disorders have a negative impact on the quality of life of menopausal women in varying degrees especially taking the increased life expectancy into consideration [3] . Estrogen replacement therapy is currently the most effective treatment option for alleviating most menopausal syndromes [4] , but a large body of evidence confirms that long-term estrogen therapy increases the risk of breast and ovarian cancer, stroke, and cardiovascular disease [5, 6] . Therefore, a search of complementary and alternative therapy particularly from herbal medicine is highly desired [7] .
Most recently, we have demonstrated that aqueous extract of lily bulb had comparable effects with estrogen therapy in alleviating menopause-associated psychiatric disorders and the psychotropic effects were achieved via the predominant protection of neurotransmitters, neurotrophins, and ERβ in the brain [8] . As a well-investigated constituent of lily bulb, polysaccharides have been found to have antioxidative [9, 10] , immunomodulatory [11, 12] , antitumor [13, 14] , and hypoglycemic [15] activities. In the current study, we hypothesized that total polysaccharides of lily bulb (TPLB) may also exert the ameliorative effects on menopause-associated psychiatric symptoms. To test this hypothesis, we investigated the effects of TPLB behavioral, neurochemical, molecular, and proteomic approaches and explored the underlying mechanisms associated with neurotransmitters, neurotrophins, and estrogen receptors (ERs).
The activation of the nuclear receptors ERα and ERβ modifies the transcription of hundreds of target genes, resulting in the alteration of protein synthesis and ending up with numerous physiological responses of each estrogen-targeted tissue [16] . The ER antagonist ICI182,780 was used to detect whether the effects of TPLB on brain regional neurotransmitters and neurotrophins were mediated via estrogen receptors. The shotgun proteomic analysis was additionally used to compare the effects of TPLB and estrogen therapy in modulating potential signaling pathways.
Materials and Methods
2.1. Animals. All experimental procedures were approved by the Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong . Female C57BL/6N mice weighing 18 to 22 g at 8 weeks of age were purchased from Charles River Laboratory (Wilmington, MA, USA). Mice were housed at a constant temperature (23 ± 2°C) and maintained on a 12 h/12 h light/dark cycle (lights on 7:00-19:00) with ad libitum access to food and water. All mice were acclimatized for 1 week before the experiment.
Experimental design is illustrated in S- Fig. 1 . After one week of acclimatization, mice received ovariectomy (OVX) or sham surgery and were allowed to recover for 2 weeks. Chronic unpredictable mild stress (CUMS) procedure was performed on sham and OVX mice in the subsequent 2 weeks, followed by multiple behavioral tests. All agents were given immediately after OVX and throughout 36 days.
Ovariectomy (OVX).
Mice were anesthetized by intraperitoneal injection of a ketamine (10 mg/kg) and xylazine (10 mg/kg) mixture. Ovariectomies were performed via small bilateral dorsal flank incisions and subsequent removal of ovaries at 9 weeks of age. Sham-operated mice received similar incisions without ovary removal.
CUMS Procedure.
Due to the fact that OVX was not sufficient to induce anxiety-and depression-like behavior as observed in our preliminary experiments, CUMS was thus added to mimic pressure experienced by menopausal women. CUMS was conducted at 2 weeks after OVX and throughout 2 weeks as we have done previously [17] . Multiple different types of mild stressors were carried out: tail clamping for 1 min, water deprivation for 15 h, food deprivation for 15 h, restraint in a plastic tube for 4 h, cage tilting at 45 degree for 15 h, empty cage without nesting for 15 h, illumination in a dark phase, and wet bedding (50 g sawdust/200 mL water) for 15 h. The mice received one of these stressors per day for two weeks, and the same stressor was not applied for 2 consecutive days to minimize the predictability of the occurrence of each stressor.
Preparation of Total Polysaccharides of Lily Bulb (TPLB).
The dry raw material derived from the roots of lily bulb (Lilium lancifolium Thunb.) was obtained from the Pharmacy of School of Chinese Medicine at the University of Hong Kong. Voucher specimens were identified by Dr. Yan-Bo Zhang, a senior Chinese herbalist, and deposited in the School of Chinese Medicine at the University of Hong Kong. To be consistent with our previous study, lily bulb was extracted with a 10-fold volume of distilled water for 2 h for three times. The extractive solution was pooled, centrifugated, and evaporated to about 300 mL concentrated extract, which was added with 4 volumes of 95% ethanol (v/v) for precipitation overnight. The precipitates were collected and dissolved in distilled water again, and the solution was deproteinized with the Sevag method [18] six times until there were no precipitations after added with Sevag solvent. The concentrated polysaccharide extract was added with 4 volumes of 95% ethanol (v/v) for precipitation again, and the obtained precipitate was washed with diethyl ether and lyophilized, which can be considered to contain the total polysaccharides. The yield of total polysaccharides is 6.12%. The content of total polysaccharides was measured using the phenol-sulfuric acid assay [19] with glucose (Sigma-Aldrich, St. Louis, MO) as standard, and the content of total polysaccharides was 87.3%.
Experimental Groups and Drug Administration.
The animal experiments were performed by two steps. At the first step, the effects of TPLB at three doses on the OVXinduced depression, anxiety, and cognitive deterioration were investigated. 50 mice were randomly divided into five groups (n = 10 per group), including the sham-operated group (receiving vehicle only), OVX group (receiving vehicle only), OVX+PL group (receiving 50 mg/kg/day TPLB), OVX+PM group (receiving 100 mg/kg/day TPLB), and OVX+PH group (receiving 200 mg/kg/day TPLB). Based on our previous study, TPLB was also dissolved with vehicle (0.15% ethanol). All agents were given via oral gavage on a daily basis. At the second step, the ER antagonist ICI182,780 was used to evaluate whether the psychotropic effects of TPLB were mainly mediated by activating the ERs. 60 mice were randomly divided into six groups (n = 10 per group), including the sham-operated group (receiving vehicle only), OVX group (receiving vehicle only), OVX+E 2 group (receiving 0.3 mg/kg/day Estradiol), OVX+E 2 +A group (receiving 0.3 mg/kg/day estradiol and 4 mg/kg/day ICI182,780), OVX+TP group (receiving 100 mg/kg/day TPLB), and OVX+TP+A group (receiving 100 mg/kg/day TPLB and 4 mg/kg/day ICI182,780). The determination of E 2 dose was first based on the previous literature data [20] [21] [22] and then confirmed in our previous study [8] . ICI182,780 (Mayer Chemical Technology Co. Ltd, Shenzhen, China) was dissolved in DMSO in stock (400 mg/mL) and then diluted with distilled water to a concentration of 0.4 mg/mL at which the DMSO concentration of 0.1% yielded served as vehicle. The mice in the OVX+E 2 +A group and OVX+TP+A group were intraperitoneally administered with ICI182,780 at 9:00-10:00 am, while the remaining groups received 0.1% DMSO in the meantime. At 13:00-14:00 pm, the mice were treated with 0.15% ethanol, 0.3 mg/kg estradiol, and 100 mg/kg TPLB, respectively, via oral gavage. All agents were given on a daily basis.
2.6. Behavioral Tests. According to our previous protocol [17, 23] , an open-field test (OFT) and an elevated plus maze (EPM) test were used to measure anxiety behavior. A sucrose preference test (SPT), a forced-swimming test (FST), and a tail suspension test (TST) were used to measure depressive behavior. A Morris water maze test was used to measure cognitive performance. The detailed procedures were described in Supplementary Materials.
Measurement of Serum Estradiol Level.
Following the behavioral tests, 0.5 to 0.6 mL of blood was collected from each mouse via cardiac puncture. Sera were immediately separated by centrifuging at 3500 rpm for 15 min at 4°C and stored at -80°C until assay. The serum 17β-estradiol level was measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Cloud-Clone Corp., Wuhan, China) according to the manufacturer's instructions.
Measurement of Brain Monoamine Neurotransmitters.
After cardiac puncture, the mice were perfused with saline. Then, their brains were rapidly removed on ice, and three regions were separated, including the hypothalamus, hippocampus, and prefrontal cortex. Glutamate (Glu) and gamma-aminobutyric acid (GABA) were measured using a HPLC system with a diode-array detector (DAD) after derivatization procedure according to the previous report [24] . Briefly, the separated hypothalamus, hippocampus, and prefrontal cortex were homogenized in 100-200 μL of acetonitrile. The homogenate was centrifuged at 13,000 rpm at 4°C for 20 min, and the supernatant was collected and evaporated under a gentle stream of nitrogen. The dried residue was reconstituted in 50-100 μL of Na 2 CO 3 -NaHCO 3 buffer (pH 9.5). The same volume of dansyl chloride (10 mmol/L) was added and vortex mixed for derivatization procedure, and the mixture was incubated in the dark at 65°C for 25 min and cooled at room temperature. Then, the solution was centrifuged at 13,000 rpm for 20 min, and 10 μL of the supernatant was directly injected into a Thermo 3000 series UPLC equipped with an ACE Excel 2 C18 column (100 mm × 2 1 mm × 1 7 μm) and a diode-array detector. The mobile phase consisted of acetonitrile (A) and 0.6% acetic acid in water/0.008% triethylamine (B). The gradient program was developed with70-55% B for 0-20 min. The flow rate was kept at 0.4 mL/min, and the detective wavelength was selected at 254 nm. The representational chromatograms are shown in S- Fig. 22. 2.9. Western Blot Analysis. Western blot analysis was used to examine the effects of TPLB on the estrogen receptors α and β, as well as three neurotrophic factors in the brain regions and the uterus. Furthermore, we also assessed the effects of TPLB on several biomarkers in the GABAergic, glutamatergic, serotonergic, and dopaminergic systems in the hypothalamus, hippocampus, and prefrontal cortex. Briefly, the separated tissues were homogenized in radioimmunoprecipitation assay buffer (RIPA buffer; Sigma-Aldrich, USA) containing 2% phenylmethanesulfonyl fluoride (PMSF; Sigma-Aldrich, USA). The supernatant was collected, and their protein concentration were measured with the Bradford method using Coomassie brilliant blue G-250 (Bio-Rad Laboratories Inc.). Proteins were separated by electrophoresis on 10-15% SDS-PAGE gels and subsequently transferred onto polyvinylidene difluoride membranes (PVDF; 0.22 μM; BioRad Laboratories Inc.). After being blocked with 5% BSA in TBST, the blots were probed with the antibodies listed in S- Table 1 at 4°C overnight. After rinsing with TBST, the membranes were incubated with suitable secondary antibodies (1 : 2000, Santa Cruz Biotechnology, USA) at 4°C for 4 h. Chemiluminescence was detected using an enhanced chemiluminescence detection kit (GE Healthcare, UK). The intensity of the bands was quantified by scanning densitometry using Image Lab 5.1 software (Bio-Rad Laboratories Inc.). The mean value of the intensity was obtained from at least three independent experiments.
2.10. Proteomic Analysis. The prefrontal cortex (PFC) from mice was suspended in the RIPA lysis buffer, and proteins were extracted from lysate using the Precellys homogenizer followed by centrifugation at 14,000 g for 30 min. Supernatant fraction was collected for protein quantitation using the BCA assay. Briefly, 100 μg proteins were subjected to trypsin digestion following reduction and alkylation using the filter-aided sample preparation (FASP) method [25] . LysC-Tryptic peptides were cleaned using C18 stage tips and speedvac dried. Peptides are reconstituted in 0.1% formic acid for LC-MS/MS analysis to be carried out on an Orbitrap Fusion Lumos mass spectrometer interfaced with Dionex 3000RSLC nanoLC as described here [26] .
Eluted peptides were analyzed with the Dionex Ultimate3000 nanoRSLC system coupled with Thermo Fisher Orbitrap Fusion Tribrid Lumos. Peptides were separated on a commercial C18 column (75 μm i d × 50 cm length) with 1.9 μm particle size (Thermo Fisher). Separation was attained using a linear gradient of increasing buffer B (80% ACN and 0.1% formic acid) and declining buffer (0.1% formic acid) at 300 nL/min. Buffer B was increased to 30% B in 70 min and ramped to 40% B in 5 min followed by a quick ramp to 80% B, where it was held for 5 min before a quick ramp back to 5% B, where it was held, and the column was reequilibrated. Mass spectrometer was operated in positive polarity mode with capillary temperature of 300°C. Full MS survey scan resolution was set to 120,000 with an automatic gain control (AGC) target value of 2 × 106, maximum ion injection time (IT) of 50 ms, and a scan range of 350-1700 m/z. A data-dependent top 10 method was operated during which higher-energy collisional dissociation (HCD) was used. Spectra were obtained at 30,000 MS2 resolution with AGC target of 1 × 105 and maximum ion injection time (IT) of 80 ms, 1.6 m/z isolation width, and normalized collisional energy of 30. Preceding precursor ions targeted for HCD were dynamically excluded for 50 s. The highresolution, high-mass-accuracy MS data obtained were processed using MaxQuant version 1.5.3.30, in which MS data analyzed in triplicates for each condition were searched using the Andromeda algorithm against UniProt Human protein database, appropriate parameter settings to obtain peptide and protein data using 0.1% FDR at peptide and protein level.
Proteins identified from OVX as compared to sham, E 2 , and TPLB-treated groups were quantified using the peptide LFQ intensities, and their obtained ratio was used for labelfree quantitation to calculate the fold change (≥1.5-fold cutoff). Data visualization and statistical data analysis were performed by Perseus software version 1.5.4.1. Differential proteins were subjected to gene ontology (GO) enrichment analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resource 6.8 (https://david.ncifcrf.gov/) [27] . Secondary GO annotation mainly classifies the three major categories of protein functional activities: biological process (BP), cell component (CC), and molecular function (MF), and each protein was endowed with more than one functional annotation. PPI (Protein-Protein Interaction) Analysis was analyzed in STRING. In the OFT, the OVX mice treated with three doses of TPLB showed no significant effects on the duration in and entry number into the central zone. However, the OVX mice treated with PM showed a marked trend in increasing the entry number to the central zone in OFT (P = 0 0788), although it did not reach the significance level (P < 0 05) due to the large bar.
Effects of Three Doses of TPLB on Depression-Like
Behavior. The OVX mice showed a marked decrease in sucrose consumption in the SPT and a significant increase in the immobility time spent in the FST and TST compared with the sham-operated mice in Figures 1(e)-1(g). The OVX mice treated with TPLB at the dose of 100 mg/kg significantly reduced the immobility time spent in the FST and TST compared with OVX mice treated with vehicle. The OVX mice receiving 200 mg/kg TPLB consumed more sucrose than those vehicle-treated OVX mice.
Effects of Three Doses of TPLB on Cognitive Performance.
In the training trials, vehicle-treated OVX mice took much longer latency to the platform than mice with sham surgery from Day 2 to Day 6. The latency of OVX mice treated with three doses of TPLB was significantly shorter than that of those treated with vehicle at Day 3 through Day 6.
In the probe trial, OVX significantly reduced the time spent in and the number of entries into the target zone and increased the latency to the target zone compared to sham surgery (Figures 1(n)-1(q)). The OVX mice treated with 100 mg/kg TPLB had more duration in, more frequency crossed, and shorter latency to the target zone than those treated with vehicle. The OVX mice treated with 50 mg/kg and 200 mg/kg TPLB also showed a remarkable increase in time spent in the target zone and a significant decrease in the latency to the target zone. The representative navigation paths of the five groups are shown in Figures 1(i)-1(m).
In addition to the behavior tests, the effects of TPLB on the GABAergic, glutamatergic, serotoninergic, and catecholaminergic systems, neurotrophic systems, and estrogen receptors were described in Supplementary Materials (S- Fig. 3-7 ). However, TPLB had no effects on the OVXinduced weight gains, uterine shrinkage, and the drop of serum estrogen level (S- Fig. 1 ). Based on the results above, we selected the medium dose of 100 mg/kg TPLB for the following study. In the second study, the intervention of ER antagonist ICI182,780 completely blocked the effects of estradiol on OVX-induced weight gains, uterine shrinkage, and dramatic drop of serum estrogen level (S- Fig. 8 ). TPLB significantly increased the entry number to central zone in this OFT, which was possibly attributed to the intergroup relatively consistent behavior and the resultant low bar. After coadministration with ICI182,780, the OVX mice showed remarkable decreases in the duration in and entry number into the open arms compared to those only treated with estradiol and TPLB in the EPM test. Additionally, ICI182,780 induced the significant decrease in the number of entries into the central zone, which was increased by TPLB treatment. After coadministration with ICI182,780, the decreases in the immobility time in the FST and TST caused by estradiol and TPLB were significantly attenuated.
Effects of Estradiol and TPLB on

Effects of Estradiol and TPLB on Cognitive Performance
after Coadministration with ICI182,780. In the training trials, the latency of OVX mice treated with both estradiol and TPLB was pronouncedly shorter than that of those treated with vehicle at Day 4 through Day 6. The OVX mice coadministrated with estradiol and ICI182,780 showed no significant changes on the latency to the platform compared to those treated with estradiol only. However, cotreatment with TPLB and ICI182,780 induced significantly longer latency to the platform than with TPLB treatment alone at Day 2 through Day 6. In the probe trial, the OVX mice treated with estradiol and TPLB had more duration in and shorter latency to the target zone than those treated with vehicle (Figures 3(o) -3(r)). After coadministration with ICI182,780, the OVX mice showed no significant changes on the duration in, entry number into, and latency to the target zone compared to those treated with estradiol or TPLB alone. The representative navigation paths of the five groups are shown in Figures 3(i)-3(n).
Effects of Estradiol and TPLB on Brain Regional and
Uterine Estrogen Receptors after Coadministration with ICI182,780. Significant group effects were observed on the expression of both ERα and ERβ in all the three brain regions and uterus examined (Figures 2(a)-2(h) ). Except for cortical ERβ, estradiol treatment completely reversed the OVXinduced decreases of ERα and ERβ in the four tissues examined. In addition to cortical ERα, TPLB treatment completely reversed the OVX-induced decreases of ERβ in the three brain regions. After coadministration with ICI, the treated OVX mice showed significant decreases in the expression levels of the uterine ERα and ERβ, hypothalamic ERβ, and hippocampal ERα and ERβ compared to those treated with estradiol. Interestingly, cotreatment with TPLB and ICI182,780 induced remarkable decreases in the ERβ expression level in the three brain regions examined compared to the TPLB-treated OVX mice. Additionally, the OVX mice cotreated with TPLB and ICI182,780 also showed a remarkable decrease in the hippocampal ERα expression level compared to the TPLB-treated OVX mice. estradiol has a potent binding ability to ER α and β (P = 0 0001). The binding ability of TPLB to ERβ is greater than TPLB to ERα. Only 600 μg/mL TPLB had significantly lower fluorescence polarization than Fluormone ligand when competed for ERα binding, while TPLB showed significantly competitive binding ability to ERβ at the concentration of 66.7 μg/mL.
Effects of Estradiol and TPLB on Brain Regional
and Uterine Neurotrophins after Coadministration with ICI182,780. Significant group differences were also observed on GDNF, NGF, and BDNF in the prefrontal cortex, hippocampus, and uterus ( Figure 4 ). Estradiol treatment almost completely reversed the OVX-induced decreases of the three neurotrophins in the three tissues except for hippocampal NGF and cortical GDNF. Except for uterine NGF, TPLB treatment completely reversed the OVX-induced decreases of the three neurotrophins in the three tissues. The OVX mice cotreated with estradiol and ICI182,780 showed significant decreases in the expression levels of BDNF in the three tissues, hippocampal GDNF, uterine, and prefrontal NGF compared to those treated with estradiol alone. Coadministration with TPLB and ICI182,780 induced widespread decreases in the BDNF, GDNF, and NGF expression levels in the three tissues except for uterine NGF compared to TPLB treatment alone.
Effects of Estradiol and TPLB on GABAergic
and Glutamatergic Systems after Coadministration with ICI182,780. Gamma-aminobutyric acid (GABA) is the principle inhibitory neurotransmitter, while glutamate is the principle excitatory neurotransmitter in the central nervous system (CNS). The equilibrium of the two system plays an important role in neuronal excitability, synaptic . Data are expressed as mean ± SEM (n = 3) and examined with one-way ANOVA, followed by post hoc Sidak's multiple comparison test: * P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group; & P < 0 05, && P < 0 01, and &&& P < 0 001 vs. the E 2 group or TP group. (i, j) The effects of TPLB on the ability of ERα binding (a) and ERβ binding (b) in vitro. Data are expressed as mean ± SEM (n = 6-10) and examined with one-way ANOVA, followed by post hoc Dunnett's test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the control group. plasticity, and cognitive functions [28] . OVX induced a dramatic decrease in GABA levels but a remarkable increase in glutamate levels in the brain regions, which were completely reversed by both estradiol and TPLB treatment (Figures 5(a)-5(c), Figures 6(a) and 6(b) ). After cotreatment with ICI182,780, the OVX mice showed a significant decrease in the GABA level and a significant increase in the glutamate level in the three brain regions compared to those treated with estradiol or TPLB alone.
GABA A receptors play an important role in modulating memory acquisition, and the α 1 subunit-containing GABA A is the major subtype accounting for about 60% of all GABA A receptors in the brain [29] . GAD67 catalyzes the process of GABA synthesis for synaptic transmission [30] . In this experiment, estradiol and TPLB treatment completely reversed the OVX-induced decreases in the two biomarkers of the GABAergic system, GABA Aα1 and GAD67, in the hypothalamus, hippocampus, and prefrontal cortex ( Figures 5(d)-5(i) ). The OVX mice coadministrated with estradiol and ICI182,780 showed significant decreases in the expression levels in GAD67 and GABA Aα1 in the three brain regions except for cortical GABA Aα1 compared to those treated with estradiol alone. Cotreatment with TPLB and ICI182,780 induced significant decreases in the expression levels of hypothalamic and hippocampal GAD67 and hippocampal and cortical GABA Aα1 compared with TPLB treatment alone.
In addition, NMDA receptors are also thought to be involved in the estrogen-enhancing effect on spatial reference memory [31] . NMDAR1 mediates neuronal functions in glutamate neurotransmission, and the activation of NMDARs induces additional Ca 2+ to enter the cell and further activates Ca 2+ -dependent signaling pathways [32] . In the current study, estradiol and TPLB treatment completely reversed the OVX-induced changes in the phosphorylation of CaMKII and NMDAR1 levels in the hippocampus and prefrontal (o) swimming speed in the probe trial; (p) duration in the target zone in the probe trial; (q) entry number into the target zone in the probe trial; (r) latency to the target zone in the probe trial. Data are expressed as mean ± SEM (n = 10) and examined with two-way analysis of covariance (ANCOVA) and one-way ANCOVA, followed by post hoc Sidak's multiple comparisons test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group; & P < 0 05, && P < 0 01, and &&& P < 0 001 vs. the E 2 group or TP group. Different color symbols in (h) indicate the corresponding groups. Figure 4 : The effects of estradiol and TPLB on the expression levels of neurotrophins, BDNF, GDNF, and NGF, in the uterus, hippocampus, and prefrontal cortex after coadministration with ICI182,780. Representative images indicating the expression levels of three neurotrophins and their quantification analysis in the uterus (a, b), hippocampus (c, d), and prefrontal cortex (e, f). Data are expressed as mean ± SEM (n = 3) and examined with one-way ANOVA, followed by post hoc Sidak's multiple comparison test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; 
cortex except for cortical NMDAR1 (Figures 6(c)-6(f)).
The OVX mice cotreated with TPLB and ICI182,780 showed a significant decrease in the p-CaMKII/CaMKII ratio and a significant increase in the NMDAR1 expression level compared to those treated with TPLB alone. However, coadministration with estradiol and ICI182,780 caused no significant changes on the p-CaMKII/CaMKII ratio and NMDAR1 expression levels compared to those only treated with estradiol.
Effects of Estradiol and TPLB on the Serotoninergic
and Catecholaminergic Systems after Coadministration with ICI182,780. Serotonin transporter (ST) transports serotonin from the synaptic cleft back to the presynaptic neuron and recycles it, thus playing a key role in regulating serotonergic neurotransmission [33] . Tyrosine hydroxylase (TH) is a rate-limiting enzyme of catecholamine biosynthesis, and brain catecholaminergic neuronal systems play a crucial role in the development of central neuronal regulatory circuits [34] . Estradiol and TPLB treatment completely reversed the OVX-induced decreases in ST and TH in the hippocampus and prefrontal cortex ( Figure 7 ). After coadministration with ICI182,780, the OVX mice showed significant decreases in the ST and TH expression levels in the two regions compared to those treated with estradiol or TPLB alone. Additionally, the OVX mice cotreated with TPLB and ICI182,780 also showed a significant decrease in the hypothalamic ST expression level compared to those treated with TPLB alone.
3.12. Bioinformatic Analysis. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were used for clustering analysis. PCA and HCA plots (Figure 8 ) revealed that samples were clearly classified into four categories, including sham, OVX, E 2 , and TPLB. Of the 2723 identified proteins, 102 proteins differentially expressed in OVX and Sham, 257 in E 2 and OVX, and 119 in TPLB and OVX groups were submitted for GO functional annotation and analysis. The top ten significantly enriched GO terms for three comparison groups are presented in S- Fig. 9 according to P value and number of genes. E 2 treatment had large influences on the functions of structural constituent of ribosome, poly(A) RNA binding and rRNA binding, and the processes of nucleosome assembly, translation, and DNA methylation on cytosine on nuclear nucleosome, indicating the involvement of both genetic and epigenetic effects. TPLB had particular effects on the functions of oxygen binding and peptide-methionine (S)-S-oxide reductase activity in the mitochondrion.
KEGG pathway database was used to analyze major biological pathways and relevant regulatory processes involving differentially expressed proteins. KEGG pathway database is a complex database system that consists of a collection of manually drawn pathway maps that represent the updated knowledge on the molecular interaction, reaction, and relation networks for metabolism, genetic information processing, environmental information processing, cellular processes, organismal systems, human diseases, and drug development [35] . The top ten pathways for three comparison groups are present in Figure 9 and can be found on the website https://www.genome.jp/kegg/pathway.html. The involved gene names and the corresponding protein names were described in S- Table 2 . Although the involved pathways in OVX versus sham and TPLB versus OVX groups were not significantly enriched (P ≥ 0 06 and P ≥ 0 083, respectively), the results revealed that TPLB treatment completely reversed the OVX-induced upregulation of proteins with gene names of Fgf12 and Ppm1b, as well as downregulation of proteins with gene names of Akt3, Nras, Ank1, and Itgav. Multiple pathways involved in neurodegenerative diseases and oxidative phosphorylation were enriched in TPLB versus OVX groups, with the regulation of several mitochondrial proteins with gene names of Ndufa7, Uqcr10, and ATP8. In E 2 versus OVX groups, the top three enriched pathways were systemic lupus erythematosus, alcoholism, and viral carcinogenesis, which were closely associated with the upregulation of Histone 2A, 2B, 3, and 4. Long-term potentiation and estrogen receptor signaling were also significantly enriched, with the upregulation of proteins with gene names of Grm1, Itpr1, PLC, Akt3, and Nras, together with the downregulation of dual specificity mitogen-activated protein kinase kinase 2.
The changes of several crucial genes were marked in volcano plot (Figure 10 ). The shared mechanism between Figure 6 : The effects of estradiol and TPLB on the glutamatergic system in the brain regions after coadministration with ICI182,780. Glutamate levels (n = 5) in the hippocampus (a) and prefrontal cortex (b); representative images indicating the expression levels (n = 3) of NMDAR1 and CaMKII and their quantification analysis in the hippocampus (c, d) and prefrontal cortex (e, f). Data are expressed as mean ± SEM and examined with one-way ANOVA, followed by post hoc Sidak's multiple comparison test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group; & P < 0 05, && P < 0 01, and &&& P < 0 001 vs. the E 2 group or TP group. , and prefrontal cortex (e, f). Data are expressed as mean ± SEM (n = 3) and examined with one-way ANOVA, followed by post hoc Sidak's multiple comparison test: * P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group; & P < 0 05, && P < 0 01, and &&& P < 0 001 vs. the E 2 group or TP group. 
Rps4x;Rps4l;Gm15013 TPLB and estradiol was mediated by Nras and Akt3 in the estrogen receptor pathway, which was validated by western blotting (Figure 10(d) ). OVX downregulated Ras, which plays a crucial role in cellular signaling transduction. OVX also reduced the phosphorylation of protein kinase B (Akt) and extracellular signal-regulated kinase (ERK), thus inducing the decreased phosphorylation of cyclic AMP-response element-binding protein (CREB). Estradiol and TPLB significantly upregulated the expression of these proteins, which, however, was almost completely blocked by ICI182,780.
Discussion
This study showed that the exposure of OVX mice to chronic stress caused various aberrant behaviors indicative of anxiety, depression, and cognitive deterioration in multiple behavioral test paradigms. Consistent with our previous study [8] , this study revealed that TPLB and estradiol almost completely reversed these aberrant behaviors, indicating the comparable efficacy of both agents in improving menopause-related psychiatric symptoms. The addition of the ER antagonist ICI182,780, however, largely attenuated anxiolytic and antidepressant effects of both agents and the cognition-improving effects of TPLB during the acquisition trials in the water maze test but did not have significant effects on the nootropic effects of estradiol and the effects of TPLB in improving cognitive performance in the probe trial.
In the water maze test, the spatial learning ability and spatial memory are examined in the training trials and the probe trial, respectively [36, 37] . These results suggested that, while both agents share similar mechanisms responsible for their anxiolytic and antidepressant effects, they may have distinct mechanisms associated with their nootropic effects. The effects of TPLB on spatial learning seem to be ER-dependent, whereas its effects on spatial memory, like estradiol, may be related to the modulation of membrane-associated G protein-coupled estrogen receptor 1 (GPR30), which is heavily involved in the estrogenic mediation of learning and memory via rapid signaling mechanisms [38] .
Although ERα and ERβ, the two classical estrogen receptor subtypes, are widely involved in the pathophysiology of menopause-associated metabolic, neurological, and psychiatric disorders, they have distinct anatomical distribution patterns and differential physiological processes in the brain and peripheral organs and even counteract each other [39] [40] [41] [42] . While ERα is more closely associated with cognitive impairment, as demonstrated in OVX animals and postmenopausal women, ERβ plays a predominant role in the pathogenesis of depression-and anxiety-like behavior [43] [44] [45] [46] [47] . One recent study has shown that activation of both ERα and ERβ restored OVX-induced recognition memory deficit at earlier stages of consolidation [48] . In addition to ERα and ERβ, GPR30 also has been confirmed to have an important role in cholinergic function and synaptic plasticity by phosphorylating the classical intracellular ERα, functioning as ERα collaborator [49] [50] [51] . The current study found that OVX caused widespread suppression in the expression levels of the two receptors in the uterus and brain regions. Chronic estradiol treatment, however, completely restored the expression levels of the two receptors in the uterus, hypothalamus, and hippocampus and ERα in the prefrontal cortex. Likewise, chronic TPLB also reversed the OVX-induced decrease of the prefrontal ERα expression and enhanced the expression levels of ERβ in the uterus and three brain regions examined. Nevertheless, ICI182,780 only blocked TPLBinduced upregulation of ERβ in multiple brain regions but had no significant effects on prefrontal ERα. On the other hand, in vitro binding experiment revealed that estradiol had similar potencies in binding affinity for ERα and ERβ, but TPLB displayed a higher affinity at ERβ than ERα. These results are in line with the behavioral findings of this study, suggesting that the differential behavioral effects of EPLB and estrogen therapy may be associated with their differences in modulating the two ER subtypes.
It is well documented that neurotrophic changes are closely associated with menopause-related anxiety, depression, and cognitive deterioration [52, 53] . NGF, GDNF, and BDNF are the three most abundant neurotrophins existing in the adult brain [54] . These neurotrophins are also highly expressed in the female reproductive system and exert their biological roles in uterine growth and proliferation [55, 56] . In this study, we found that OVX caused a widespread decrease in the expression levels of the three neurotrophins in the prefrontal cortex, hippocampus, and uterus. Both estradiol and TPLB consistently reversed the OVX-induced decrease of the BDNF expression in the three tissues examined. Furthermore, TPLB had significant effects in restoring the expression of hippocampal NGF and prefrontal GDNF without influencing uterine NGF. In contrast, estradiol significantly reversed the OVX-induced decrease of uterine NGF, but it had no significant effects on hippocampal NGF and prefrontal GDNF. A high level of peripheral NGF has been shown to be associated with ovarian and breast cancer, polycystic ovarian syndrome (PCOS), and endometriosis [57, 58] , providing evidence for the increased risk of breast and endometrial cancer caused by long-term estrogen replacement therapy [59, 60] . It also suggests that TPLB may have a better safety profile than estradiol therapy as the former agent has no effects on the uterine NGF expression. Interestingly, the TPLB-induced upregulation of neurotrophins was completely blocked by ICI182,780, indicating that the neurotrophic effects of TPLB were mainly mediated by ERs.
The beneficial effects of estradiol on menopauseassociated psychiatric symptoms are closely associated with multiple brain neurotransmitters, including serotoninergic, catecholaminergic, GABAergic, and glutamatergic neurons, and their receptors [61] [62] [63] [64] . Low GABAergic activity may play a key role in the pathophysiology of mood disorders [65] . The GABAergic system has been verified to be related to the cognitive dysfunction in OVX animals [66] . Meanwhile, the role of the glutamatergic system in the neurobiology and treatment of mood disorders has attracted increasing attention [67, 68] . This is possibly attributed to the activation of intracellular kinases and phosphatases caused by calcium influx through NMDAR ion channels, thereby altering the characteristics of the synapse and providing the basis for neuronal transmission [69] . Changes in the serotoninergic system have been linked with mood, anxiety, and cognitive disorders [70] . Interactions between estrogen and serotonin have long been acknowledged with regard to mood and cognition, and estrogen induces changes in serotonin transmission, binding, and metabolism in the brain regions [71] . Catecholaminergic neurons also play important roles in diverse cognitive, motor, and endocrine functions, thus participating in multiple psychiatric and neurodegenerative disorders [72] . Consistent with the previous reports [30, 73] , this study revealed that OVX induced significant decreases in the GABA levels, the GAD67 and GABA Aα1 expression in the GABAergic system, and the TH expression in the dopaminergic system in the hypothalamus, hippocampus, and prefrontal cortex. Estradiol and TPLB completely restored and even enhanced the GABA levels, GAD67 and GABA Aα1 , and ST and TH expression levels in the three brain regions. Furthermore, the effects of TPLB on the serotoninergic, catecholaminergic, and GABAergic systems were also almost blocked by ICI182,780, confirming the mediation of ERs. This study revealed that estradiol and TPLB decreased the glutamate levels and NMDAR1 expression and elevated the p-CaMKII/CaMKII ratio in the hippocampus and prefrontal cortex. Similarly, the effects of TPLB on the glutamatergic system and synaptic plasticity were also ER-dependent because ICI182,780 completely blocked the effects.
Proteomics is a systematic approach for conducting protein studies on a large-scale, providing substantial information about protein abundance, modification, and interactions [74] . In this study, we found that estradiol and TPLB shared the same mechanisms via the upregulation of Ras/ Akt/ERK/CREB signaling in the estrogen receptor pathway (Figure 10(e) ), which plays an important role in the neurodegenerative diseases and neuron survival [75] [76] [77] . Furthermore, E 2 had a major effect on the epigenetics, causing DNA methylation and histone modifications. The results were in agreement with the previous study [78] . However, a growing number of studies revealed that epigenetics also mediated the regulation of estrogen signaling in breast cancer [79] [80] [81] . One clinical study has shown that endogenous estrogen exposure was associated with repetitive element DNA methylation in healthy postmenopausal women, which may help to explain why estrogen exposure impacts cancer risk [82] , which was supported by another clinical study that has indicated that DNA methylation at cytosine-phosphateguanine islands had a significant association with breast cancer susceptibility [83] . Unlike E 2 , TPLB predominately influenced the mitochondrial oxidative stress. A substantial body of evidence has revealed the presence of oxidative stress in menopausal transition [84, 85] and confirmed the involvement of oxidative stress in the development of OVX-induced pathophysiological changes [86] . Oxidative stress can contribute to the pathogenesis of menopause-related disturbances and diseases [87] . Moreover, some studies have demonstrated that regulation of oxidative stress resulted in the attenuation of cognitive deficits [88] , suggesting that the antimenopausal effects of TPLB might be mediated via balance of oxidative stress.
Several limitations of this study should be noted. Some results of proteomic analysis were not further validated in the current study, and we will focus on it in our future study. Furthermore, behavioral, neurochemical, and molecular methodologies used in this study could not directly detect functional changes at subcellular and molecular level. This may limit our explanation to the findings. Electrophysiological and advanced pharmacological approaches should be applied in the future to examine the exact binding process of TPLB to the estrogen receptor subtypes.
In summary, the antimenopausal effects of TPLB with a better safety profile seem to be achieved via multiple mechanisms distinct from estrogen therapy. First, the effects of TPLB were closely associated with the predominant activation of estrogen receptors, along with the regulation of neurotransmitters and neurotrophins in the brain, but with minor effects on the peripheral organs. Moreover, the effects of TPLB on the synaptic transmission and neurotrophins were mainly mediated by activation of ERs. Second, E 2 had similar potencies in binding affinity for ERα and ERβ, thus causing widespread genetic and epigenetic effects, whereas TPLB displayed a higher affinity at ERβ than ERα, which may trigger the specific Ras/Akt/ERK/CREB signaling without affecting any epigenetic activity. Lastly, TPLB additionally influenced the mitochondrial oxidative stress. We suggest that TPLB could serve as a novel agent for menopause syndrome.
Abbreviations
Akt:
Protein kinase B ANCOVA:
Analysis of covariance ANOVA:
One-way analysis of variance BDNF:
Brain-derived neurotrophic factor CaMKII:
Calmodulin-dependent protein kinase II CREB:
cAMP-response element-binding protein CUMS:
Chronic unpredictable mild stress E 2 : Estradiol ELISA:
Enzyme-linked immunosorbent assay ERK:
Extracellular signal-regulated kinases ERα and ERβ: Estrogen receptors alpha and beta FASP:
Filter-aided sample preparation FST:
Forced swimming test GABA Aα1 :
α-Aminobutyric acid A receptor alpha 1 subunit GAD67:
Glutamate decarboxylase 67 GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase GDNF:
Glial cell-derived neurotrophic factor
Supplementary Materials
S- Table 1 : list of various antibodies used in western blot analysis. S- Table 2 : the involved gene names and the corresponding protein names in the KEGG pathways and volcano plots. S- Fig. 1 : the effects of three doses of TPLB on body weight, uterine weight, and serum estradiol. (A) Variation of net body weight on the 14th day after OVX; (B) ratio of the uterus to body weight at the end of the 5-week treatment period; (C) serum estradiol levels. Data are expressed as mean ± SEM (n = 10) and examined with one-way ANOVA, followed by post hoc Dunnett's test: * P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 2 : the representational HPLC-DAD chromatograms for the measurement of glutamate and GABA (A) in the hypothalamus (B), hippocampus (C), and prefrontal cortex (D). S- Fig. 3 : the effects of TPLB on the GABAergic system in the brain regions. GABA levels (n = 6) in the hypothalamus (A), hippocampus (B), and prefrontal cortex (C); representative images indicating the expression levels (n = 3) of GABA Aα1 and GAD67 and their quantification analysis in the hypothalamus (D-E), hippocampus (F-G), and prefrontal cortex (H-I). Data are expressed as mean ± SEM and examined with one-way ANOVA, followed by post hoc Dunnett's test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 4 : the effects of TPLB on the glutamatergic system in the brain regions. Glutamate levels (n = 6) in the hippocampus (A) and prefrontal cortex (B); representative images indicating the expression levels (n = 3) of NMDAR1 and CaMKII and their quantification analysis in the hippocampus (C-D) and prefrontal cortex (E-F). Data are expressed as mean ± SEM and examined with one-way ANOVA, followed by post hoc Dunnett's test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 5 : the effects of three doses of TPLB on the serotonergic and catecholaminergic systems in the brain regions. Representative images indicating the expression levels of ST and SR-1A, TH, and their quantification analysis in the hypothalamus (A-B), hippocampus (C-D), and prefrontal cortex (E-F). Data are expressed as mean ± SEM (n = 3) and examined with one-way ANOVA, followed by post hoc Dunnett's test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 6 : the effects of three doses of TPLB on the expression levels of neurotrophins, BDNF, GDNF, and NGF, in the uterus, hippocampus, and prefrontal cortex. Representative images indicating the expression levels of three neurotrophins and their quantification analysis in the uterus (A-B), hippocampus (CD), and prefrontal cortex (E-F). Data are expressed as mean ± SEM (n = 3) and examined with oneway ANOVA, followed by post hoc Dunnett's test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 7 : the effects of three doses of TPLB on the expression levels of estrogen receptors, ERα and ERβ, in the uterus and brain regions. Representative images indicating the expression levels of ERα and ERβ and their quantification analysis in the uterus (A-B), hypothalamus (C-D), hippocampus (E-F), and prefrontal cortex (G-H). Data are expressed as mean ± SEM (n = 3) and examined with one-way ANOVA, followed by post hoc Dunnett's test: * P < 0 05, * * P < 0 01, and * * * P < 0 001; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group. S- Fig. 8 : the effects of estradiol and TPLB on body weight, uterine weight, and serum estradiol after coadministration with ICI182,780. (A) Variation of net body weight on the 14th day after OVX; (B) ratio of the uterus to body weight at the end of the 5-week treatment period; (C) serum estradiol levels. Data are expressed as mean ± SEM (n = 10) and examined with one-way ANOVA, followed by post hoc Sidak's multiple comparisons test:
* P < 0 05, * * P < 0 01, and * * * P < 0 001 vs. the sham group; # P < 0 05, ## P < 0 01, and ### P < 0 001 vs. the OVX group; & P < 0 05, && P < 0 01, and &&& P < 0 001 vs. the E2 group or TP group. S- Fig. 9 : the ten most significantly enriched three terms in gene ontology (GO): biological process, cell component, and molecular function. (Supplementary Materials) 
